Objective: The objective of this study was to describe the polar orientation of renal chimney grafts within the proximal seal zone and to determine whether graft orientation is associated with early type IA endoleak or renal graft compression after chimney endovascular aneurysm repair (ch-EVAR).
Parallel graft strategies such as the snorkel or chimney technique of endovascular aneurysm repair (ch-EVAR) involve deployment of one or more stent grafts between the native aortic wall and the fabric of the main aortic endograft, thereby facilitating cranial extension of the proximal seal zone and preservation of visceral branch perfusion. During the last decade, ch-EVAR has been increasingly employed for the treatment of juxtarenal aortic aneurysms, and despite the evolution of branched and fenestrated technology, this technique continues to play an important role in the armamentarium of vascular specialists. 1 Until recently, literature surrounding ch-EVAR has been limited to small single-center studies. [2] [3] [4] [5] In 2015, however, the Performance of the Chimney Technique in the Treatment of Pararenal Pathologies (PERICLES) registry described a collective worldwide experience with ch-EVAR that encompassed 517 patients and noted similar rates of technical success, mortality, and branch vessel patency compared with those observed with fenestrated devices. 1, 6, 7 Despite these promising results, there remains significant concern for the potential of type IA "gutter" endoleaks occurring at the interface between the chimney and main body graft fabrics. Reported rates of gutter endoleaks after ch-EVAR vary widely between 0% and 30% across published studies. 1, 6, 8, 9 The trajectory of chimney grafts often varies significantly within the proximal seal zone as it traverses from the level of the proximal graft fabric toward the renal artery ostia. Whereas it has been reported that appropriate oversizing of the main body and use of balloonexpandable grafts may reduce the risk for development of gutter endoleaks after ch-EVAR, little is known about the specific anatomic course of chimney grafts within the seal zone and its impact on aortic wall-graft apposition. 10 We aimed to better characterize and to describe chimney graft orientation within the proximal seal zone and to assess whether specific chimney graft trajectories have an impact on the risk for development of gutter endoleaks after ch-EVAR.
METHODS
All patients treated for complex abdominal aortic aneurysms (AAAs) using ch-EVAR at a single institution were prospectively enrolled in an observational cohort study approved by our local Institutional Review Board and in conformance with the Declaration of Helsinki. Because of the retrospective nature of this study, informed consent could not feasibly be obtained for this study and thus was waived. Consecutive patients treated from 2009 to 2015 were retrospectively reviewed. All patients in this study were deemed both medically high risk for open aortic reconstruction and anatomically unsuitable for conventional infrarenal endovascular aneurysm repair (EVAR). Only patients receiving one or more renal artery chimney stents, with or without placement of additional visceral chimney grafts, were included for analysis. Requisite patient demographics, comorbidities, procedural details, and clinical outcome variables were recorded. Imaging surveillance consisted of an initial postoperative contrast-enhanced computed tomography (CT) angiography scan within 1 month of the procedure, at 6 months, and annually thereafter.
Procedural technique. Our ch-EVAR technique has been previously described in detail and is similar to that noted in other published series. 3 In brief, both left transaxillary or transbrachial access and retrograde femoral access are obtained. Through an antegrade approach, target branch vessels are catheterized using long hydrophilic guidewires and a shaped catheter. Balloon-expandable covered stents (iCAST; Atrium Medical, Hudson, NJ) or self-expanding covered stents (Viabahn; W. L. Gore and Associates, Flagstaff, Ariz) are then advanced into the target branch vessel. Tortuous renovisceral vessels were selectively treated with selfexpanding stents. The main body aortic endograft was then advanced and deployed using standard techniques, with the proximal edge of the graft fabric deployed below the most proximal target vessel not being stented to maximize the seal length. In general, we sought to achieve a minimum of 10 mm of seal length, with the majority of patients achieving >15 mm of proximal seal. Chimney seal length was calculated by the length of main body encompassing the proximal end of the graft fabric to the most distal extent of healthy native aorta. The chimney grafts were then balloon dilated and molded using a "triple-kissing" technique to optimize perigraft seal and to minimize the corresponding risk of gutter endoleaks.
Chimney graft orientation definitions. Using Aquarius iNtuition software (TeraRecon, Foster City, Calif), threedimensional reconstructions were created from the first postoperative CT angiography image. The proximal seal zone was then segmented from the reconstruction. Centerline projections were used to define the axis of renovisceral ostia, with the position of the superior mesenteric artery set at 12 o'clock. The proximal edge of the main body aortic graft fabric was then identified, which varied according to the main body device used (eg, below the fixation struts for Zenith grafts [Cook Medical, Bloomington, Ind]). The polar positions of the center of each renal chimney graft were assessed at three levels: the proximal edge of the graft fabric, the mid-seal zone, and the level of the renal ostium rounded to the nearest 15th degree (30 degrees per clock position; Fig 1) . Renal takeoff angles were also measured, with 0 degrees defined as a perpendicular takeoff, positive angles defined as caudally directed arteries, and negative angles defined as cranially directed arteries.
Type IA gutter endoleak definitions. We defined type IA gutter endoleaks as evidence of a perigraft channel of blood flow between the chimney stent and the intra-aortic main body endograft within the proximal seal zone. These were further subcategorized into short Recommendation: This study suggests that chimney grafts that traverse >90 degrees in polar angle within the seal zone may be at increased risk of early type IA endoleaks and require more frequent imaging surveillance.
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and long endoleaks on the basis of prior literature published by our group. 11 Short gutter endoleaks were confined to the perigraft channel terminating within 10 mm of the most inferior snorkel stent. Long gutter endoleaks extended >10 mm below the most inferior snorkel stent or extended into the aneurysm sac (Fig 2) .
Outcome measures. The primary clinical outcomes in this study were development of early or late type IA gutter endoleaks and primary patency of renal chimney grafts. Chimney graft failure was defined as kinking or compression (>50% stenosis on CT imaging) or occlusion. Secondary outcomes included 30-day mortality, all-cause mortality, and operative reintervention.
Statistical analysis. Descriptive statistics were used to assess study demographics, comorbidities, morphologic measurements, and outcomes variables. Univariate predictors of clinical end points were identified using Wilcoxon rank sum test and c 2 test for continuous and categorical variables, respectively. Multivariate logistic regression with identified univariate predictor inputs was used to adjust for confounding variables and to identify independent predictive factors. Primary branch patency was evaluated using Kaplan-Meier methods. A P value < .05 was considered statistically significant for all analyses. All calculations were performed in Stata 12.0 (StataCorp LP, College Station, Tex).
RESULTS
Sixty-two patients were treated with ch-EVAR requiring at least one renal snorkel stent between 2009 and 2015. The study cohort was male dominant with a mean age of 74.9 years and significant comorbidities, including a high prevalence of chronic pulmonary obstructive disease (32.3%), chronic kidney disease (66.1%), coronary artery disease (67.7%), and congestive heart failure (27.4%). All subjects were classified as American Society of Anesthesiologists class 3 or higher (Table I) . Mean follow-up was 31.2 months. Mean aneurysm size was 68.4 6 14.0 mm, with a mean neck length of 1.9 6 2.4 mm (range, 0-10 mm). Indications for complex EVAR included short-neck infrarenal AAA (n ¼ 24; 38.7%), juxtarenal AAA (n ¼ 23; 37.1%), pararenal or paravisceral AAA (n ¼ 7; 11.3%), type IA endoleak after prior infrarenal EVAR (n ¼ 7; 11.3%), and severely angled infrarenal AAA (n ¼ 1; 1.6%). A total of 97 renal chimney grafts (35 double renal, 27 single renal) and 12 superior mesenteric artery chimney grafts were placed. The majority of renal chimney grafts were balloonexpandable covered (70.1%) stents. Use of parallel graft techniques led to an increased target neck length of 21.9 6 7.6 mm.
The most commonly used main body aortic endograft was the Cook Zenith (n ¼ 27; 43.5%). Of note, parallel grafts were used in conjunction with a custom Table II. Outcomes. Technical success was achieved in 98.3% (n ¼ 61). Loss of guidewire access resulted in stent deployment failure in one patient. Thirty-day mortality was 3.2% (n ¼ 2) because of perioperative stroke and pneumonia. All-cause mortality was 19.3% (n ¼ 12) at latest clinical follow-up, with no aneurysm-related deaths noted. Estimated renal branch primary patency was 91.9%, 88.9%, and 88.9% at 1 year, 3 years, and 5 years, respectively. Chimney graft kinking or compression resulted in >50% stenosis in eight patients and associated graft occlusion in nine patients.
In total, 18 (29%) early type IA gutter endoleaks were identified on initial postoperative CT imaging. Half of these (n ¼ 9) were classified as short endoleaks, staying within the seal zone but without evidence of sac perfusion, whereas the other half (n ¼ 9) were long endoleaks. One-third (n ¼ 3) of long endoleaks showed evidence of sac perfusion. During surveillance, the majority of these gutter endoleaks (n ¼ 13; 72%) resolved without need for secondary procedures, whereas two patients required reintervention (3.3%). At latest follow-up imaging, mean sac regression of 7.1 6 12.8 mm was recorded. Five patients (8.0%) experienced sac growth. Those with evidence of early gutter endoleaks trended toward higher risk of sac growth >5 mm (P ¼ .11).
Chimney graft orientation. Left renal chimney grafts most commonly started posteriorly at the fabric edge (55.5%), traversed anterior between 3 o'clock and 5 o'clock, and entered at the 3-o'clock position (51.1%) at the ostium (Fig 3, B) . Right renal chimney grafts started equally anterior (39.2%) or posterior (29.4%), traversing most commonly across to the 9-o'clock position (33.3%) at the renal ostium (Fig 3, A) . Measured in polar plane, the majority of chimney grafts (n ¼ 83; 85.6%) had a relatively straight cranial-caudal orientation, traversing #90 degrees before reaching the renal ostium; 14.6% of renal stents (n ¼ 14) had traversed >90 degrees in polar angle before reaching the renal ostium (a transverse orientation), with two stents traversing >180 degrees within the seal zone (Fig 4) . Notably, a greater number of implanted chimney grafts (P ¼ .017) were associated with having a large (>90 degrees) polar trajectory, whereas smaller main body endograft diameters (P ¼ .035) and renal artery takeoff angles >30 degrees were associated with more cranial-caudally oriented chimney grafts (<90 degrees; P ¼ .009; Table III ). Polar graft length (polar degrees traveled per millimeter distance within the seal zone) was 3.5 6 2.3 degrees/mm. Zenith endografts were not associated with polar geometry (P ¼ .384) compared with non-Zenith grafts. Similarly, Cook ZFEN devices were not associated with polar geometry (P ¼ .807).
Outcome predictors. On multivariate analysis, the presence of a chimney graft having a >90-degree polar trajectory (odds ratio [OR], 11.5; 95% confidence interval [CI], 2.06-64.76) was the only independent risk factor for development of early type IA gutter endoleaks. Multiple chimney grafts and main body graft oversizing trended toward lower risk of type IA gutter endoleak dependently; however, these were not significant on multivariate analysis (Table IV) . Presence of overlapping bilateral renal grafts also was not associated with type IA endoleaks (P ¼ .90). Of the 14 chimney stents with transverse polar orientation, eight (57%) were associated with development of a type IA endoleak, of which three were classified as long endoleaks and five classified as short. Type IA endoleaks were half as less common in those with cranial-caudal orientation (21.6%). Graft orientation was not associated with risk for development of long type IA endoleaks (P ¼ .341). There were no identifiable univariate or multivariate anatomic or device-related predictors of renal graft kinking or compression or of 13 However, this large-volume registry lacked granularity in available preoperative and postoperative anatomic data. Whereas some studies have looked into risk factors for patency loss and renal dysfunction after ch-EVAR, no other studies to our knowledge have described detailed anatomic or morphologic predictive factors for gutter endoleaks. 11, 14 In fact, in reviewing patients with type IA endoleaks in this study, all patients had appropriate oversizing and >15 mm of proximal seal length, thus raising the question of what other factors may be predisposing patients to greater risk for development of these gutters. Our group has previously shown that the natural history of early gutter endoleaks after ch-EVAR is more benign than previously thought. We found that approximately 70% of early type IA endoleaks resolve spontaneously if observed over time. However, a minority of patients with early type IA endoleaks will eventually require reintervention (10%). Furthermore, we found that those with evidence of early gutter endoleaks trended toward higher risk of sac growth >5 mm (P ¼ .11). Thus, it remains important for surgeons to understand what factors may portend greater risk of this early adverse outcome. This is the first study to describe the unique polar trajectory of chimney grafts within the proximal seal zone. We found that both right and left renal chimney grafts varied considerably in starting location along the perimeter of the main body graft. Whereas grafts tended to cluster around the anterior (12 o'clock) or posterior (6 o'clock) positions, many grafts were nonuniformly distributed along the entire circumference of the main body endografts at the level of the fabric edge. For this reason, the subsequent path of renal grafts through the seal zone toward the renal ostium was significantly variable. In fact, only 6% of grafts were observed to have a direct cranialcaudal orientation (0 degrees), whereas 80% of renal grafts traveled between 30 and 90 degrees in polar angle before terminating in the ostium. We found that chimney grafts traversing >90 degrees in polar angle within the seal zone had an 11-fold higher odds of having a type IA endoleak on their first postoperative CT scan compared with patients with chimney grafts oriented more cranial-caudally. This association between graft orientation and gutter endoleaks after ch-EVAR has to our knowledge never been reported. Although it is difficult to ascertain, we hypothesize that greater polar angle trajectories within the seal zone lead to improper mating between the chimney graft fabric and the fabric/struts of the main body endograft. Therefore, improving the molding step of the procedure (ie, triple-kissing ballooning) may be a critical target for future research and innovation.
It is important to discuss factors that influence the polar geometry of chimney grafts. Increasing the number of parallel grafts was associated with fivefold higher odds of having a large polar trajectory in our study. This would be expected, as increasing the number of space-occupying sheaths, catheters, and grafts in the seal zone would likely force stents to lie in less of a cranial-caudal orientation. In a similar fashion, larger main body diameters were less likely to have a large polar trajectory, which may be due to the ability of larger main bodies to force chimney grafts to lie more cranial-caudally once deployed. Perhaps unsurprisingly, the angle of renal artery takeoff was the most important predictor of chimney graft orientation in our study. We found that grafts placed in downward-coursing renal arteries (>30-degree takeoff angle) were 90% less likely to have a larger polar trajectory and therefore were at significantly less risk for development of type IA endoleak.
Unfortunately, these native patient factors are rarely in the control of the operator. Main body sizing is often dictated by the diameter of nondiseased suprarenal aorta, and renal takeoff angles remain fixed to the individual patient's anatomy. Similarly, the visceral involvement of the aneurysm within the celiac aorta also dictates the number of chimney grafts required to obtain sufficient seal. The exact path of cannulation sheaths is difficult to predict and often is a function of the relative diameter of the supraceliac aorta and the takeoff angle of the renal artery.
In our practice, appropriate main body device oversizing (25%-35%), an ideal seal length of 15 to 20 mm, and intraoperative triple-kissing balloon molding are necessary steps for minimizing gutter endoleaks during ch-EVAR. However, it is of critical importance to take into account the individual patient's anatomy-specific factors in considering ch-EVAR vs fenestrated EVAR or newer generation branched devices. First, we consider patients with caudally directed renal arteries (>60 degrees) more ideal candidates for ch-EVAR as they have less risk for deployment in a transverse polar orientation. Perpendicular or cranial-directed renal arteries are much more favorable for fenestrated strategies with retrograde cannulation. Also, in the near future, steerable sheaths may prove to be a useful device for controlling renovisceral branch stent graft orientation in complex EVAR. Minimizing the risk of gutter endoleak thus is dependent on minimizing transverse polar orientation of chimney grafts. We did not find an association between suprarenal aortic angulation and polar trajectory (P ¼ .310) or early type IA endoleak (P ¼ .804). However, a limitation of this study is the lack of data regarding the morphology (ie, diameter, curvature) of the thoracic aorta and the relative angle of subclavian takeoff. These factors may affect sheath positioning in the suprarenal segment and therefore may be avenues of future research. Furthermore, we did not find any association between device or chimney graft type and chimney graft orientation or incidence of endoleaks. However, the relatively small number of implanted grafts per endograft type limits the real-world applicability of device-specific analysis.
CONCLUSIONS
Renal chimney grafts vary considerably in both starting position and their polar trajectory within the proximal seal zone. Grafts that traverse >90 degrees in polar angle within the seal zone may be at increased risk of early type IA endoleaks and require more frequent imaging surveillance. Caudal-directed renal arteries result in a more favorable polar geometry (eg, cranial-caudal orientation) with respect to early endoleak risk and thus are more ideal candidates for parallel graft strategies. These preoperative and postoperative anatomic factors are important to consider for any vascular surgeon offering endovascular treatment options for complex AAAs. 
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